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Abstract 
 
The objective of this work was to determine experimentally the flexural behaviour of 
laminated composite sandwich beams based on orientation and the number of 
laminations. The failure modes and loads were numerically modelled and predicted 
analytically. The sandwich beams were fabricated using a new generation of 
sandwich composite with biaxial glass fibre/resin skin and an innovative phenolic 
based core material. The laminated beams were subjected to 4-point static bending 
tests to determine the strength and failure mechanisms. The beams tested consist of 
one to four laminates in the flatwise and edgewise orientation. Strains to failure in 
the face sheets were measured through the use strain gauges and beam deflections 
were recorded for each specimen. The results of the experimental investigation 
demonstrated that the laminated sections tested in the edgewise orientation failed at a 
higher load than those in the flatwise orientation.  
 
The flatwise specimens had a brittle type failure. This was primarily due to the 
compressive failure of the skin followed by debonding between the skin and the 
core. The vertical skins in the edgewise orientation caused a difference in the failure 
mode and ultimately facilitated the increase in ultimate strength. The vertical skins 
prevented the tension cracks in the core from propagating and caused ductile type 
failure mode through the progressive failure of the skins.  
 
The analytical predictions from the constituent material data confirmed the 
experimental results. The analytical investigation conducted predicted the load 
deflection behaviour and initial failure loads. The results from the linear numerical 
modelling are in agreement with those observed in the experimental data. The 
experimental data established that for a higher number of laminations the beam 
sections in the edgewise orientation provides an optimal alternative to the flatwise 
orientation. It was found that the edgewise orientation provides a higher ultimate 
strength, ductile type failure and comparable stiffness to the flatwise orientation. The 
results indicated a high potential for the use of laminated sandwich beams as 
structural elements in both the flatwise and edgewise orientations. 
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1. Chapter 1: Introduction 
 
1.1 Project Background 
 
In recent times there has been an increasing focus towards the use of sandwich 
composites in Civil Engineering projects. Variations of fibre composites have been 
used throughout history with most modern sandwich composites traditionally being 
developed and used in the marine, military and aeronautical industries.  
 
Sandwich composites offer several advantages over existing civil structural 
applications. These benefits include significant weight reductions and high strength 
and stiffness to weight ratios. The optimisation of sandwich composites for civil 
beam applications has been investigated in this report. Experimental investigation 
and numerical analysis has been undertaken to determine and predict the mechanical 
properties of the sandwich composite beams. The effect of orientation and 
laminations on the structural properties has been investigated and will be outlined in 
this study.  
 
 
Figure 1.1- Sandwich Beam for Civil Engineering Applications 
 
Laminated structural elements have been used for many years in the construction 
industry. Such as glue laminated timber, laminated veneer lumber and plywood 
which all include laminations to increase their strength and sectional areas. 
Source: Van Erp, G & Rogers, D 2008 
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Laminated timber has been used in structural elements such as columns, beams and 
arches. The availability of large diameter structural grade timber is in short supply 
and thus has lead to the use of laminations to increase the strength and cross 
sectional area of structural beams. The maximum depth of a sandwich composite is 
also limited. The concept of laminations can be applied to sandwich composites to 
increase the cross sectional area and strength like that in laminated timber.  
 
 
1.2 Research Aim and Objectives 
1.2.1 Research Aim 
 
The aim of this project is to examine through analytical and experimental 
investigation the effect of sandwich orientation and number of laminations on the 
flexural behaviour of laminated composite sandwich girders. 
 
1.2.2 Research Objectives 
 
This project’s objectives are as follows: 
 
• Understand the mechanisms and benefits of sandwich composites  
• Analysis of composite sandwich for flexure in flatwise and edgewise position 
• Analysis and correlation of single composite behaviour to multiple composite 
lamination for flatwise and edgewise sandwich orientations 
• Further optimize possible sandwich orientations 
 
1.3 Justification 
 
The optimisation of any process can result in significant cost and time savings. The 
purpose of this project is to quantify the effect of laminations and beam orientation 
on the structural behaviour of sandwich composite beams. Past research on the 
behaviour of sandwich composite beams has been limited to the investigation of 
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laminates in the flatwise orientation. Edgewise orientation may present an 
opportunity to optimise existing sandwich composite materials and therefore provide 
significant time and cost savings. This report is intended to quantify this knowledge 
gap in previous research in the edgewise orientation, this may lead to further 
investigations into the optimisation of sandwich composites for structural beam 
application. 
 
 
1.4 Scope 
 
This project focuses on the effects of orientation and laminations on the structural 
behaviour of sandwich composite beams. The structural performance of the 
composite beams with one to four sandwich composite laminations has been 
investigated and presented in this study. The effect of orientation on the structural 
properties, specifically failure mode and stiffness, has been compared between the 
two orientations. Experimental investigation has been conducted to determine the 
load-deflection, load-strain, flexural strength and equivalent modulus of elasticity for 
each specimen type. Theoretical modelling using a simplified fibre model analysis 
and finite element analysis using Strand7 has been undertaken to predict the flexural 
behaviour of the composite sandwich beams.     
 
 
1.5 Summary 
 
This project aims to investigate and compare the effects of orientation and 
lamination on the flexural behaviour of sandwich composite beams. There is limited 
knowledge from previous investigations of the behaviour of laminated sandwich 
composite beams in the edgewise orientation. The mechanical properties for all 
specimens have been determined through experimental analysis and will be outlined 
in this project. In addition to, theoretical modelling in the form of a fibre model 
analysis and finite element analysis, which has been undertaken to predict the 
flexural behaviour of the samples.   
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2. Chapter 2: Literature Review 
 
2.1 Introduction 
 
This chapter will review and discuss the previous studies and current literature that 
has been published regarding sandwich composites and sandwich orientation. Some 
information regarding the various topics has been obtained from unpublished 
information sources and through correspondence with supervisors and colleagues. 
The details of some elements of this project are proprietary and therefore cannot be 
discussed in full detail. A historical background of fibre composite in particular 
sandwich composites and their uses pertaining to civil engineering applications will 
be discussed. A description and discussion on the constituent material of sandwich 
composites and their uses as structural elements will also be provided. As well as, 
the materials and their load behaviour which have similar principles to those used in 
sandwich composites will be presented and discussed. Finally the consequential 
effects of the project will be assessed. 
 
 
2.2 Introduction to Composite Materials 
 
Composite materials have been used for thousands of years with written reference to 
their use in structures dating back to approximately 1500BC, where the Israelites 
used straw in making mud bricks (Exodus 5:7). However it was not until the advent 
of synthetic composites containing synthetically fabricated fibres and resins in the 
20th century (Aravinthan, 2009) that significant development in composite materials 
for structural applications was undertaken.   
 
For a material to be classified as a composite it must be a mixture of two or more 
chemically distinct phases or constituents with a reasonable proportion of each 
present, generally greater than 5% (Bunsell 2005, Matthews 1994). The material 
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constituents generally possess different properties and are selected to give the design 
composite the required material properties.     
 
2.2.1 Background on Sandwich Composites 
 
Sandwich composites contain two main elements, the skin and the core. The skin 
consists of two strong thin facing sheets, which are separated by and bonded to the 
core; this consists of a thick weaker layer (Charles, 2004). Sandwich composites 
have been traditionally used in the aerospace, marine and automotive industries 
where extensive research into their applications is well documented. Structural 
sandwiches offer many advantages for civil engineering applications such as high 
strength and stiffness to weight ratios and excellent corrosion resistance.  
2.2.2 Background on Skins 
 
The skin provides the flexural rigidity for the composite and can be comprised of 
many different materials. These include such things as aluminium or other alloys, 
plywood, resin-impregnated paper and glass reinforced cement (Charles, 2004). This 
report focuses on a skin material consisting of glass fibres in a polymer matrix.  
 
There are three mainstream materials used as the fibre reinforcement in the skin for 
composites used in civil engineering applications. These include glass, carbon and 
Aramid fibres. From these, glass fibres are the most commonly used due to several 
factors including cost, availability and proven performance (Reinhart, 1998). The 
fibre reinforcement is mainly responsible for the tensile strength and stiffness of the 
Figure 2.1- Sandwich Composite 
Core 
Skin 
Skin 
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composite material. The other constituent in the skin is the resin or polymer matrix. 
The purpose of the polymer matrix is to bond the skin material together and form a 
unified structural element. Resins such as epoxy, unsaturated polyester and vinyl 
ester resin are widely used for civil engineering applications.  
 
2.2.3 Background on Cores 
 
The purpose of core material in a sandwich composite is to resist the shear forces, 
similar to the web of a steel I beam. Conventional materials used in sandwich 
composite cores include foam, honeycomb, balsa wood and corrugated materials 
(Figure 2.2).    
 
 
Figure 2.2 – Typical Core Materials  
 
These core materials generally limit sandwich composites for structural applications. 
As foam cores provide a high deflection under loading and are prone to indentation 
failure under the loading points. Structural connections are difficult for honeycomb 
and corrugated cores without affecting their structural performance. The sandwich 
composite in this report contains an innovative plant based core material that makes 
it suitable for structural applications. The sandwich panel can be cut, drilled and 
screwed without affecting the structural properties.  
 
Source: Charles, ES 2004 
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2.2.4 Structural applications of Sandwich Composites 
 
Sandwich composites are generally used for walls, floorings and decking 
applications with a small number of current uses as structural beam members. This is 
partly due to a lack of suitable core materials, industry understanding and design 
standards. Sandwich composites are also limited by their thickness and need to be 
laminated to achieve higher strength properties. The effects of laminations of 
structural performance have explored and will be presented in this project.   
 
 
2.3 Materials used in project 
 
The sandwich panel used in the fabrication of the sandwich beam specimens is 
marketed under the trade name CarbonLOC® (Figure 2.3). It is a commerically 
available structural sandwich manfactured in Queensland, Australia. The strength 
and stiffness of the sandwich panel is comparable to that of hardwood with a 
predicted life expectancy of 50-100 years. The panel has a relative density of 
approximately 100kg/m3, and is strong, light weight, moisture proof and fire 
resistant (Van Erp, G & Rogers, D 2008).  
 
Figure 2.3 - CarbonLOC® 
 
Peel ply 
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CarbonLOC® is made up of glass fibre composite skins co-cured onto the modified 
phenolic core material using toughened phenol formaldehyde resin.  The fibre 
composite skin is made up of two plies of stitched bi-axial (0/90) E-CR glass fibres 
fabrics manufactured by Fiberex and has a total thickness of around 1.8 mm. The 
modified phenolic core is approximately 16.4mm thick and is a proprietary 
formulation by LOC Composites. Due to the proprietary nature of the product no 
further information is available on the properties CarbonLOC®.   
 
In the fabrication of the sandwich beams acetone was used to clean the panel prior to 
gluing. The epoxy resin used to glue the panels together was Technigule-HRP5. 
Further information on these products can be found in Appendix B.  
 
2.3.1 Cost of Materials 
 
The sandwich panel used in the project was provided free of charge by LOC 
composites Toowoomba. The facilities to fabricate the beams were also provided by 
LOC composites. The instrumentation and safety equipment was provided by the 
CEEFC as part of the project.  
 
 
2.4 Evaluation of Laminated Composite Properties  
 
The behaviour of sandwich composites in flatwise flexure has been investigated in 
several past studies. The behaviour of the flatwise sandwich composite under flexure 
can be likened to that of a steel I beam. The core, like the web, gives the shear 
resistance and provides greater flexural rigidity for the skin and flanges. The skin 
and flanges provide the bending stiffness for the member. The behaviour of 
sandwich composites in the edgewise position has not been investigated in past 
literature.       
 
Several past studies have successfully predicted the flexural behaviour of sandwich 
composites from the mechanical properties of the constituent materials and will be 
discussed in the subsequent section. It is important to understand that the failure 
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mode of the sandwich composite dictates its ultimate load. The accurate 
identification and prediction of this mode will be investigated in this project.  
 
2.4.1 Failure Mechanisms and Theoretical Strength Predictions 
 
The strength and ultimately the failure mode of a sandwich beam can be predicted 
from the mechanical properties of the constituent materials. The calculated ultimate 
strength of the beam is dependent on the calculated stresses and the allowable 
properties for each potential failure mode (Jongman & Swanson 2001). The failure 
mode for a sandwich beam is determined by the mechanical properties of the 
constituent materials and the geometry of the beam (Steeves & Fleck 2003). The 
mechanical properties of the constituent materials have been determined through 
coupon testing. 
 
Various studies have been conducted into the behaviour of flatwise sandwich beams 
in flexure (Jongman et al. 2001, Steeves & Fleck 2003, Russo & Zuccarello 2006). 
Generally these studies focus on the verification of theoretical strength predictions 
for the use of sandwich composites in structural elements such as bridge decks, 
floors and walls. The study of sandwich composite laminates for edgewise behaviour 
in flexure remains unexplored in current literature. The performance of the edgewise 
orientation is expected to provide greater strength and stiffness but the behaviour is 
unknown as both the core and facings now bear the shear and flexure loads.  
 
Common failure modes in sandwich composites include both core and skin failures 
in various forms. The core failures are predominantly in shear but also include 
delaminating of the skin-core, and core indentation failure (Jongman & Swanson 
2001, Steeves & Fleck 2003). Skin materials can fail due to skin compressive/tensile 
failure, wrinkling of the compressive face skin and delamination (Jongman & 
Swanson 2001, Steeves & Fleck 2003, Russo & Zuccarello 2006). The failure modes 
that have been considered in this report are: 
1. Skin Compression/ Tension 
2. Core Compression/ Tension  
3. Core Shear 
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Due to the innovative core material used in the sandwich composites the equations 
used by Manalo (2009) will be used to predict the failure load and mode of the single 
sandwich specimens.  
 
2.4.1.1 Skin Compression/Tension Failure (Skin yield) 
 
Skin yielding occurs when the axial stress in the sandwich face attains the yield 
strength of the face material (Steeves & Fleck 2004). For a symmetrical beam in four 
point bending with the loads applied at 0.4 and 0.6 of the span length, the peak 
strength (PMS) can be predicted by: 
        

5

 
Where: 
 D = Flexural stiffness (EI) 
 σs = maximum skin strength 
 L = support length 
 Es = Modulus of elasticity of the skin 
 x = Distance from the centre of the composite to the outermost edge of the skin 
   = 

  Flatwise 
   = 

  Edgewise 
 
Due to the innovative core material used in the composite sandwich the analysis 
considers flexural and shear stiffness of both the skin and core materials thus the 
flexural stiffness (EI) can be determined by: 
 
    

  

  

     Flatwise 
    

  

     Edgewise 
 
Figure 2.4 - Sandwich Dimensions 
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2.4.1.2 Core Compression/Tension Failure 
 
Core failure will occur if the normal stress of the core material is exceeded. The 
innovative core material used in the sandwich composites has a higher compressive 
strength and is therefore predicted to fail in tension. The peak strength PMC can be 
quantified by the following equations: 
   
  Flatwise 
   
 Edgewise 
Where: 
 σc = maximum bending strength of the core 
 
2.4.1.3 Core Shear Failure 
 
Different types of shear failures will occur depending on the orientation of the beam. 
For flatwise orientation, failure will occur when the shear strength of the core 
material is exceeded. In edgewise orientation shear failure will occur when the shear 
strength of the skin is exceeded. This is because in the edgewise position the vertical 
skins also take the shear forces. For a symmetrical beam the peak strength (PCS) can 
be predicted by: 
 
 Flatwise:    !"#$
 
!
%
 
 
Edgewise:  
& '(!!' )
*  
Where: 
 τc = shear strength of core 
τs = shear strength of skin 
Ec = Modulus of elasticity of the core 
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2.5 Laminated Structural Sections  
 
The concept of laminations to increase the overall structural properties of the 
material has been used for many years in the construction industry. Structural timber 
such as LVL, glue laminated timber or plywood use laminations to increase their 
load capacity and member size. Many studies have been conducted on the flexural 
behaviour of structural timber beams in the flatwise direction, however there are 
limited studies on the edgewise orientation. The effect of laminations on strength has 
also not been fully investigated in available literature. No information of the direct 
correlation of sectional properties between flatwise and edgewise orientations has 
been found in current literature relating to laminated structural sections. 
 
Glulam or glue-laminated timber was introduced in the late 19th century and consists 
of sawn timber laminations, bonded with an adhesive so that the grain of all 
laminations runs parallel with the long direction (Camille A, 2002). Glulam timber 
can be manufactured in a wide variety of shapes and sizes such as beams, columns, 
large dome and curved arch structures. In the manufacture process, high grade 
lumber is placed in the top and bottom most laminations and lower grade lumber is 
used in the centre near the neutral axis. By placing the high grade lumber in the 
regions of greatest stress, the member’s performance can be improved. This also has 
the benefit of a reduction in cost as high grade timber is not required to be used 
throughout the whole section. Laminations also improve the structural performance 
of the section by dispersing defects such as knots and staggering joints throughout 
the section.   
 
2.5.1 Laminated Structural Sections Flatwise 
 
A study conducted by the United States Department of Agriculture (2002) 
investigated the behaviour of glulam beams in the edgewise and flatwise bending. 
This study uses a different convention in defining the orientations compared to those 
used in this study. In the USDA study the edgewise samples are constructed from 
horizontal laminations similar to the flatwise samples in the sandwich composites 
specimens.  
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The beams in the USDA study were subjected to a static four point bending test with 
the loads applied at 0.6 and 0.4 of the span length. Two sets of samples were 
fabricated using 8 and 13 laminations. It was found that after adjusting the volume 
effect between the two different size beams there was a reduction in elastic modulus 
from the 8 laminate specimens to the 13 laminate specimens. The 8 laminate 
specimens had an average modulus of elasticity of 9466.5 MPa that reduced to 
9073.5 MPa for the 13 laminate specimens. All the edgewise beams tested in the 
study exhibited a linear load deflection behaviour to the ultimate load. Failure 
occurred in the outer two tension laminates and was associated with defects in the 
material such as knots or pith-associated wood. 
 
2.5.2 Laminated Structural Sections Edgewise 
 
Due to the different naming convention in the USDA study as mentioned above, the 
USDA flatwise samples can be compared to the sandwich composite edgewise 
specimens.  
 
 
 
 
 
 
The USDA flatwise specimens consist of vertical members with the load applied 
parallel to the long axis of the laminations. This is the same configuration as the 
sandwich composite edgewise specimens. The USDA study did not compare the 
USDA Edgewise 
Layout 
= 
Sandwich Flatwise 
Layout 
Figure 2.5 - Flatwise Orientation Comparison 
Figure 2.6 - Edgewise Orientation Comparison 
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effect of laminations on sectional properties for the flatwise specimens. Instead a 
comparison can be made between the properties of the USDA 13 laminate flatwise 
and 13 laminate edgewise specimens. A reduction in the average modulus of 
elasticity is observed from 9073.5 MPa to 8708 MPa between the edgewise and 
flatwise specimens. This could be due to a change in the second moment of inertia 
due to the rectangular cross sections of the specimens. The USDA specimens also 
exhibited a linear load deflection behaviour up until initial failure. The initial failure 
always occurred in the outer two laminates on each side of the beam. A brief 
reduction in load was observed after the initial failure, in which the load then 
increases with a slightly lower load deflection slope.   
 
 
2.6 Knowledge Gaps on Previous Works 
 
Through reviewing current literature it has been determined that past research 
relating to sandwich composites in flexure have focused on testing in the flatwise 
position (Daniel & Abot 2000, Sokolinsky, VS et al. 2003). These studies conduct 
four point bending tests to determine mechanical properties of the beams with the 
primary focus of research on the verification of theoretical models.  Therefore it has 
been identified that there is a gap in current knowledge relating the flexural testing of 
laminated sandwich composites for use in structural beam applications. Studies have 
been conducted on edgewise sandwich composites in compression (Borsellino et al 
2004, Valenza 2004) but there are currently no studies available on the strength and 
failure mechanisms of edgewise laminated sandwich beams in flexure. The effects of 
laminations on flexural behaviour and the comparison of this between orientations 
has never been reported in literature.    
 
Further investigation of this area has been undertaken in this study. A comparison 
between the effect of sandwich orientation and laminations has been conducted to fill 
this knowledge gap. The results and outcomes of this research have been discussed 
in detail in the following chapters. It is hoped that this initial research will lead to the 
optimisation of laminated sandwich composite for structural elements. 
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2.7 Consequential Effects of Project 
 2.7.1 Introduction 
 
The consequential effects of this project involve conducting a risk assessment 
whereby all of the associated risks and safe guards implemented are documented. It 
is important to establish a safe working environment by identifying all the possible 
risks in the execution of the project and managing them accordingly.   
 
2.7.1.1 Risk Identification 
 
The primary risks associated with this project are connected with the preparation, 
fabrication and testing of the beam specimens. Other risks such as housekeeping and 
project sustainability have also been identified. Risks associated with specimen 
fabrication and preparation, entail the handling of heavy materials and chemicals 
such as acetone and epoxy resin.  
 
In the fabrication of the specimen the greatest risk is posed from heavy lifting, 
mechanical devices used to shape the material and the chemicals used. Each of these 
hazards can potentially cause injury to the user and those around them. Risks 
identified in this process are: 
• Mechanical – Spinning blades, Pressurised air, Heavy Lifting 
• Chemical – Acetone, Epoxy resin 
• Irritation – Airborne dust and chemical contact 
• Noise – Exposure to loud noises  
 
Risks associated with housekeeping are the risks involving areas such as slippery 
floors from spills, clean work areas free from trip hazards, and correctly labelled 
chemicals and equipment. Project sustainability is not considered to be a direct risk 
for the project. The study is not expected to have risks directly involving the future 
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environmental, energy consumption or waste disposal of components used in the 
project. 
 
2.7.1.2 Risk Evaluation 
 
The majority of risks identified in the project present a low potential for injury and 
low probability of occurrence. The higher risk activities undertaken in this project 
have been conducted so as to minimise the potential impact on those involved. Not 
only the immediate impacts of theses risks but also the long term impacts have been 
considered, particularly in relation to the chemicals used. The material safety data 
sheets for all chemical components (Appendix B) have been studied so as to ensure 
the proper precautions are able to be taken.   
 
When the use of mechanical devices is necessary in the undertaking of the project, it 
has been ensured that the person completing the activity is properly inducted and 
familiar with the equipment. The work area and practises has also been analysed 
through the use of JSA’s before the commencement of work. Working alone where 
there was a significant possibility of injury was also avoided. The risks associated 
with mechanical devices such as saws can be characterised as being minor to 
moderate.  There are possibilities of irreversible injuries to the operator if the 
machines are incorrectly used. 
 
The use of chemicals in the project were analysed for compatibility and potential 
hazards before users came in contact with the substances. With the appropriate use of 
chemicals, the potential for risk is considered to be minimal. Even in unforeseen 
circumstances the expected maximum risk is considered moderate due to the short 
amount of contact time. There is a moderate risk of lung damage associated with the 
high level of dust produced from the sawing process and chemical vapours in the 
fabrication.  Eye injuries also represent a minor to moderate risks with regards to 
chemical splashing and flying debris associated with the cutting. 
 
The use of mechanical testing machines in the flexural testing of the specimens 
provides a minor probability of injury to the operator. The likelihood of injury 
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associated with testing machine crushing is minimal, as the computer controls are 
located outside the danger area. Injuries associated with flying debris have a 
moderate probability of occurrence, as not all testing machines are fitted with 
protective screens. The severity of injury from flying debris is considered minor.    
 
Risks associated with housekeeping are also unlikely as the labratories are 
proactively cleaned on a regular basis.  Spills are cleaned when they occur and the 
machines are wiped down once experiments are completed. Environmental risks are 
also low due to the small amount of materials used for the project 
 
2.7.1.3 Risk Control 
 
The appropriate inductions were undertaken and a full understanding of the task was 
explained by faculty staff before commencing any process. The hazards associated 
with each task were identified and addressed before each task was preformed and the 
appropriate controls implemented.  
 
For handling of the chemicals, full PPE and correct handling procedures were used. 
Gloves, body suits, masks, safety glasses and well ventilated areas were used when 
handling the chemicals to minimise the exposure and potential for contact. Informal 
JSA’s were conducted before the use of all mechanical machines. Safe working 
procedures and practises were undertaken and as a final precaution appropriate PPE 
was wore. PPE included hearing protection, safety glasses and body suits to protect 
against irritation due to airborne dust. Before any task was undertaken there was a 
clear progression of risk identification, evaluation and control implementation before 
the task was performed. 
 
 
2.8 Summary 
 
Unlike most other sandwich composites the innovative core material used in the 
sandwich composite tested made it suitable for structural applications. A lack of 
research into the effects of orientation and direct correlation between the number of 
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laminations and section properties for sandwich composites has been identified. 
Similarities between other laminated structural sections and their behaviour in 
different orientations has been explored, as well as the effects of laminations of 
sectional properties. The equations presented by Manalo (2009) will be used to 
predict the maximum failure loads and modes, with the aim to verify the findings. 
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3. Chapter 3: Experimental Methodology 
 
3.1 Introduction 
 
This chapter provides the details of the specimens and testing methods used. Put 
simply, supported beams comprising of one to four laminations were fabricated and 
tested under four point bending. The materials used and the fabrication process will 
be outlined in this chapter. The testing setup and difference in test setup between 
orientations will be discussed. As well as the purpose of the analysis to determine if 
there is any direct correlation of mechanical properties with orientation and the 
addition of more sandwich laminates. The theoretical failure loads and modes of the 
beams will also be calculated from the constituent material properties. 
 
 
3.2 Constituent Materials 
 
In order to determine the mechanical properties of the constituent materials, four 
point flexural, uniaxial compression and tensile tests were conducted. These 
mechanical tests were undertaken by Manalo (2009) in accordance with the 
appropriate standards. These standards are as follows: Tensile; ISO 527-1:1955, 
Flexure; ISO 14125-1998, Compressive; ISO 14126-99 and Shear; ASTM 
D5379/5379M-93. The basic properties of the constituent materials are shown in 
(Table 3.1). The structural composite sandwich beams tested in this study are made 
up of glass fibre composite skins co-cured onto the modified phenolic core material 
using toughened phenol formaldehyde resin.  The fibre composite skin is made up of 
2 plies of stitched bi-axial [0/90] E-CR glass fibres fabrics manufactured by Fiberex 
with a total thickness of around 1.8 mm. The modified phenolic core of the 
composite sandwich beams is a proprietary formulation by LOC Composites, Pty., 
Ltd, Australia. Due to the commercial nature of this product, more information on 
the core material is unavailable. 
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Property Skin Core 
Elastic Modulus (Tension) MPa 16100 980 
Elastic Modulus (Comp) MPa 15380 2570 
Maximum Strain (Tension) 0.016 0.006 
Maximum Strain (Comp) 0.0123 0.008 
Maximum Strength (Tension) MPa 246 5.95 
Maximum Strength (Comp) MPa 201 21.35 
Shear Modulus (MPa) 2465 750 
Thickness (mm) 1.8 16.4 
Table 3.1 – Constituent Material Properties 
 
3.3 Preparation of the Specimens 
 
The specimens were prepared manually at USQ Toowoomba. The single laminate 
specimens were cut directly from the sandwich panel to the correct size. Only further 
light sanding was required to prepare the specimens for testing. To fabricate the 
bonded laminates the sandwich panel was initially cut to the size of all the specimens 
joined together, with extra room allowed for a margin of safety (Figure 3.1a). The 
protective outer sheeting from manufacture (peel ply) was now removed and the 
sheets sanded and cleaned with acetone ready to be glued (Figure 3.1b). Technigule-
HRP5 from ATC composites to was spread to form a peak in the centre of the panel 
3mm high. From this peak the glue tapered down to 1mm on the edges (Figure 3.1c). 
The tapering of the glue minimised the air trapped between the glue and the 
sandwich panel when pressed together. A compression load was then placed on the 
specimens using weights and clamping at regular intervals (Figure 3.1d). The 
specimens were then left in the clamping jig to cure for 24 hours, followed by being 
placed in an oven for 8 hours at 90oC. The specimens were then cut to the required 
size from the bonded panel sections using a table saw, however the required 
thickness of the 3-4 laminate specimens was beyond the limitations of the table saw. 
This therefore required half of the specimen to be cut, the specimen flipped and the 
other half cut (Figure 3.1e). Finally the specimens were given a light sand to prepare 
them for testing.  
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Figure 3.1 - Specimen Fabrication Process 
 
The flatwise specimens fabricated consist of one to four laminations (Figure 3.2).The 
American Society for Testing and Materials standard C393-00 specifies the standard 
flexural testing method for specimens in the flatwise orientation. To ensure that 
simple beam theory is valid the ratio of span length to sandwich thickness should be 
greater than 20 (L/d >20). For the single specimens with a thickness of 20mm a span 
length of 400mm was used to ensure validity of results. 
(a) Initial sizing (b) Final preparation 
(d) Cure in Clamp Jig 
(e) Cut to size (f) Final Specimen 
(c) Glued Panel 
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Figure 3.2 - Flatwise Specimens 
ASTM C393-00 also states, ‘the width shall not be less than twice the total 
thickness, not less than three times the dimension of a core cell, nor greater than one 
half the span length’. Therefore a width of 50mm was used for the single sandwich. 
The configuration of the two ply specimens was chosen with the aim to compare the 
effects of two single specimens. So is therefore the same width and double the height 
of the single specimens. The three and four ply specimens were chosen to have a 
square cross section so as the second moment of area is similar for both orientations. 
The dimensions of the edgewise specimens are dictated by the flatwise specimens 
(Figure 3.2). 
 
Figure 3.3 - Edgewise Specimens 
The edgewise specimens consist of exactly the same dimensions at the flatwise 
specimens just rotated 90o. Table 3.2 contains a summary of the beam specimens 
fabricated. The full details of all specimens can be found in Appendix C. 
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Number of 
Laminates 
Specimen  
Prefix 
Specimen 
Orientation 
Number 
of 
Specimens  
Overall 
Thickness 
(mm) 
Overall 
Width 
(mm) 
Span 
Length 
(mm) 
1 4FSW-II-F Flatwise 5 20 50 400 
 4FSW-II-E Edgewise 5 50 20 400 
2 2SLW-F Flatwise 2 40 50 400 
 2SLW-E Edgewise 2 50 40 400 
3 3SLW-F Flatwise 2 60 60 1200 
 3SLW-E Edgewise 2 60 60 1200 
4 4SLW-F Flatwise 2 80 80 1200 
 4SLW-E Edgewise 2 80 80 1200 
Table 3.2 - List of Beam Specimens 
For validity of results five single laminate specimens were fabricated in both the 
flatwise and edgewise orientations. For two, three and four laminates only two 
specimens were fabricated of each orientation. This is due to the amount of material 
and testing time required.  
 
 
3.5 Testing Procedure 
 
The sandwich beams were loaded under four point flexure with the loads applied at 
0.4 and 0.6 of the span length. The tests used two different testing machines; a 
100kN servo-hydraulic testing machine with a loading rate of 3mm/minute was use 
for the one and two laminates. A 50 tonne Avery screw type machine was used for 
the three and four laminates due to the larger loads required to break these 
specimens. The loading of the Avery machine was as close to 3mm/min as possible 
but due to the limitations of the equipment this exact rate was not always possible. 
For both testing machine and orientations 25mm diameter loading and support 
rollers were used. This decreased the loading concentrations on the specimen and 
therefore decreased the chance indentation failures.  
 
This study required the static flexural tests to be set up in two different positions, 
edgewise and flatwise. In the flatwise orientation (Figure 3.4) the loads are applied 
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to the samples at a horizontal axis perpendicular to the skin and core material. As 
discussed previously this is the orientation in which previous studies on sandwich 
composites have concentrated. In the flatwise orientation the core material resists the 
shear stress while the facing sheets provide the strength and flexural rigidity. 
 
 
Figure 3.4 - Flatwise Test Setup 
 
The test setup for the edgewise samples (Figure 3.5) essentially involves rotating the 
flatwise samples 90o. The loads are applied perpendicular to the skin and core 
material along the vertical axis or axially to the composite sandwich elements. In this 
orientation the skin and core material both resist the shear and bending stresses. 
 
 
Figure 3.5 - Edgewise Test Setup 
 
Strain gauges used were Kyowa KFG-20-120-C1-11L1M2R and were attached to 
the middle of the top and bottom facing sheets for all flatwise specimens to evaluate 
the strain behaviour during loading. The position of the strain gauges is shown in the 
flatwise strain gauge layout diagram (Figure 3.6). 
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Figure 3.6 - Flatwise Strain Gauge Layout Diagram 
 
For the edgewise specimens the strain gauges were attached to the top and bottom 
sides of one of the outer vertical facing sheets. The location of the strain gauges is 
shown in Figure 3.7. Before each test the loading pins were positioned just above the 
specimens and load applied until failure, at which point the test was discontinued.   
 
 
Figure 3.7 - Edgewise Strain Gauge Layout Diagram 
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3.6 Summary 
 
This chapter has outlined the material, equipment and techniques used to fabricate 
the sandwich beam specimens. A step by step procedure of the fabrication process 
has been outlined to enable future duplication of the project. The properties of the 
sandwich composite constituent materials have been presented and discussed. The 
choice of test setup and difference in test set up between orientations has been 
outlined.  The technical details of the specimens fabricated for use in the testing have 
presented.  The dimensions used for the specimens and the reason for this choice 
have been discussed and outlined. The relevant standards used in the testing have 
been presented. Finally the details of the testing equipment and instrumentation used 
in the experimental investigation of the sandwich beams have been outlined.   
 
 
  
27 
 
4. Chapter 4: Experimental Results and Discussion 
 
4.1 Introduction 
 
The experimental results for the 4-point bending tests of the composite sandwiches 
will be presented and discussed in this chapter. The failure modes, load-deflection 
and load strain relationships for the composite beams in the flatwise and edgewise 
orientations will be discussed. The effects of orientation and laminations on bending 
stiffness and flexural strength will be presented and discussed. Finally a comparison 
between the effects of orientation on flexural behaviour between glulam and 
sandwich composite beams will be presented.   
 
 
4.2 Single Sandwich  
4.2.1 Load Deflection 
 
 
Figure 4.1 - Load-Deflection Single Sandwich 
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The load deflection relationship for the single sandwich specimens under 4 point 
bending is shown in Figure 4.1. The figure shows that the load capacity of the 
flatwise specimens increase in an almost linear relationship with deflection until 
final failure at a load in the range of 4250-4800N (C), with a midspan deflection 
between 24-29mm. 
 
The flatwise samples behave in a linear fashion until a load of approximately 1800N 
(A) where upon a slight decrease in stiffness is observed. This can be attributed to a 
reduction in stiffness of the specimen caused by the initiation of tension cracking in 
the core material. Small load drops are observed in the samples starting at a load of 
3400N (B) and continuing until failure. This behaviour can be attributed to the 
maximum compressive strength of the core being reached and the initiation of failure 
of the compressive skin. Ultimately the flatwise sandwich composites failed in a 
brittle manner between the loads of 4250-4800N (C) with the compressive failure of 
the skin and debonding between the skin and core material. This is indicated by an 
immediate drop in the applied load.  
 
The load displacement relationship of the single edgewise composite sandwich 
shows initial linear behaviour similar to that of the flatwise specimens. Load 
capacity and deflection increase linearly until a load of approximately 2350N (D) 
where a slight reduction in stiffness is observed. This can be attributed to a reduction 
in stiffness due to the initiation of tension cracking in the core. This is similar to the 
behaviour observed in the flatwise samples, but the vertical skin material prevents 
the cracks from propagating and causing a brittle type failure. Small drops in are also 
observed before failure, starting at a load of 4000N (E) due to the maximum 
compressive strength of the core being reached and the initiation of compressive 
failure of the skin. At a maximum load range of 5450-5600N (F) with a deflection of 
10-12mm a significant drop in the applied load is observed. This is caused by the 
compressive failure of the skin followed by the shear failure of the core. The 
composite sandwiches continue to fail in a ductile manner with the complete failure 
of the core and eventually the tensile failure of the skins.   
 
As with all experimental data outliers occur. Two specimen’s 4FSW-II-F-4 and 
4FSW-II-E-2 shown have been identified as outliers and neglected in the calculation 
29 
 
of results. This is due to the uncharacteristic behaviour of the specimens in relation 
to the grouping of the other specimens. This could indicate errors in the 
measurement of the behaviour of the specimens or defects in the specimen that lead 
to the unexpected results.    
 
4.2.2 Load-Strain Relationship 
 
Figure 4.2 - Load-Strain Single Sandwich 
 
The results in Figure 4.2 show that the load and strain relationship for both the 
edgewise and flatwise specimens. The strains in the edgewise orientation are higher 
than those in the flatwise orientation due to the rectangular cross sections of the 
specimens. The flatwise specimens increase linearly in tension until a load of 1200N 
(A) where a slight decrease in strain is observed. This decrease can be attributed to 
the initiation of tension cracking in the core material. At a load of approximately 
3400-3800N (B) failure of the strain gauge occurs. This load corresponds to the 
small load drops seen in Figure 4.1 which can be attributed to the maximum 
compressive strength of the core and the initial compressive failure of the skin. The 
load strain relationship for the flatwise specimens in compression is also linear until 
a load of approximately 3600N where variations in the strain relationship are 
observed, failure of the strain gauges occurs soon after at loads of 4400-4600N (C). 
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The variation in strains before failure can be attributed to small load drops associated 
with the debonding of the compressive skin and the failure loads of the strain gauges 
corresponds with the ultimate failure loads of the specimens.  
  
The load strain relationship for both tension and compression in the edgewise 
specimens is linear. A very slight reduction in tension strain is seen at load of 2200N 
and can be attributed to the propagation of tension cracks in the core material. At a 
load of 4000N (points D and E) variations in the load strain behaviour are observed 
for both the tension and compression strains. This coincides with the small load 
drops observed in Figure 4.1 and can be recognized as the initiation of compressive 
failure of the skin. The final failure loads for both the tension and compression strain 
gauges are in the range of 4900-5500N. This loading range also coincides with the 
maximum loading range of the samples observed in Figure 4.1. This therefore 
confirms that significant failure of the specimens occurs at this point.       
 
4.2.3 Failure Modes 
      
 
From the results it has been determined that the single flatwise specimens fail due to 
compressive failure of the skin between the applied loads. Ultimate failure is caused 
this compressive failure of the skin and debonding between the skin and core at a 
load of 4450N. The edgewise specimens fail due to the failure of the compressive 
skin and consequent shearing of the core material. Tension cracking of the core was 
observed between the applied loads at a load of 2350N (D). The vertical skin 
prevents these cracks from propagating and causing premature tensile failure of the 
Figure 4.3 - Failure Modes Single Sandwich 
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core material.  At the maximum load of approximately 5300-5570N (F) compressive 
failure of the skin is observed with debonding between the skin and core. Significant 
shearing of the core material also occurs at this load. 
 
 
4.3 Double Sandwich  
4.3.1 Load Deflection 
 
 
 
Figure 4.4 - Load-Deflection Double Sandwich 
 
The typical load deflection relationship for double composite sandwiches specimens 
under 4 point bending is shown in Figure 4.4. The figure shows that there is an 
increase in the load capacity and a decrease in deflection of both the flatwise and 
edgewise specimens compared to the single sandwich specimens. The failure loads 
for both the flatwise and edgewise specimens are more than double that of the single 
sandwich. The initial change in stiffness of the specimens is due to the initial 
instability of the specimen under loading and can therefore be ignored. 
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Linear behaviour of the flatwise specimens is observed under loading until a loading 
of 3400N (A). At this load a slight decrease in stiffness is observed and can be 
attributed to the initiation of tension cracking in the core material of the bottom 
sandwich. At point B with an applied load between 5600-6000N small load drops 
start occurring in both flatwise samples. This can be attributed to the initial 
compressive failure of the top sandwich skin and propagation of the tension cracks in 
the bottom sandwich core. The specimens ultimately fail at loads between 9200-
9750N (C) due to the compressive failure of the skin, followed by tensile failure of 
the core and debonding between the skin and core in the bottom sandwich. The top 
sandwich continues to take load as indicated by the second peak until failure, but 
never reaches a load greater than that observed at (C).  
 
The double sandwich specimens in the edgewise position fail at a higher load than 
the double flatwise specimens and in a ductile manner. Compared to the single 
sandwiches the load deflection behaviour of double specimens in the edgewise and 
flatwise position are more similar to each other, especially in the linear section of the 
graph. The edgewise samples again show a linear relationship similar to that of the 
flatwise specimens with a decrease in stiffness observed at a load of 5700N (D). This 
is due to tension cracking of the core material. A further decrease in the stiffness is 
observed at a load of 7600N (E) due to the maximum compressive strength of the 
topmost core being reached, coupled with the propagation of tension cracks in the 
core material. At an applied load of 10,600-11,100N (F) small load drops are 
observed due to the compressive failure of the outer skin. The outer skins continue to 
fail until a maximum load of 13,700-13,800N (G) where tension failure of the outer 
skins begins to occur. 
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4.3.2 Load-Strain Relationship 
 
 
Figure 4.5 - Load-Strain Double Sandwich 
The load strain relationships for the flatwise and edgewise orientations are more 
similar to each other, for the double sandwich specimens due to the more similar 
second moment of area between the flatwise and edgewise orientations. For the 
flatwise specimens a linear relationship is observed in the tension strains up to a load 
4000N (A) at which point a decrease in strain is observed. This decrease is due to the 
propagation of tension cracks in the core material of the bottom sandwich. Small 
variations in strain are observed in both specimens until failure due to the 
propagation of these tension cracks. Failure of the tension strain gauges occurs at 
loads between 7800-9000N (B) and can be attributed to the initiation of tensile 
failure of the core in the bottom sandwich. The compressive strains of the flatwise 
specimens also behave linearly until a load of 4400N (C) where a decrease in strain 
is observed due to the initiation of tension cracking in the core material. This tension 
cracking caused the strain gauge on specimen 2LSW-F-1 to fail. The ultimate failure 
of the compression strain gauge on specimen 2LSW-F-2 at a load of 9750N (D) 
corresponds with ultimate failure of the specimen. 
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The tension strain in the edgewise position increases linearly until strain gauge 
failure at an applied load of approximately 5700N (E). This load coincides with 
small variations in load deflection behaviour (Figure 4.4) that are attributed to the 
tension cracking of the core and the debonding of the skin and core materials. The 
compressive strains of the edgewise specimens increases linearly until an applied 
load of approximately 5600N (F). At this load a small decrease in strain is observed 
due to the tension cracking of the core material. Significant variations are also 
observed in the load strain relationship at a load of 6900N (F). This is due to the 
maximum compressive strength and elastic strain of the core being reached. Ultimate 
failure of the strain gauges occurs at 10,600N and indicates the initiation of the 
failure of the specimen’s compressive skin.    
 
4.3.3 Failure Modes 
 
 
Figure 4.6 - Failure Modes Double Sandwich 
From the results it has been determined that the flatwise samples fail in a brittle 
manner due to tensile failure of the bottom sandwich core, followed by debonding 
between the skin and core material. This occurs at loads between 8400-9200N and 
does not mean complete failure of the specimens, as the upper core still takes a 
decreased load. The edgewise specimens load deflection behaviour is similar to the 
single edgewise specimens, as the vertical skin prevents the tension cracks from 
propagating and causing a brittle failure. The edgewise sample initially fail due to 
the compressive failure of the outer skins at an applied load of 10,950N. Unlike the 
single specimens at a maximum load of 13,200N buckling of the inner skin and 
tensile failure of the outer skins begin to occur.   
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4.4 Three Ply Laminates  
4.4.1 Load Deflection 
 
 
Figure 4.7 - Load-Deflection Three Ply Laminates 
The load deflection relationships for three ply beams under 4 point loading can be 
seen in Figure 4.7. Unlike the single and double specimens that have a rectangular 
cross section the three ply beams have a square cross section so the second moment 
of area should be similar for both orientations. As expected there is an increase in 
ultimate strength from the double laminates, but a direct correlation of the increase in 
strength is not possible due to the change in cross section. For the flatwise samples a 
linear relationship is again observed up until a load of approximately 4000N (A). At 
this load a decrease in stiffness is observed due to the initiation of tension cracking 
of the core material in the bottom most sandwich. A further decrease in stiffness is 
observed at 5600N (B) due to the maximum compressive strength of the topmost 
core being reached and the initiation of tension cracking in the middle sandwich. 
Ultimate failure occurs at approximately 9300-9800N(C) due to the tensile failure of 
the bottom most core and consequent debonding between the skin and core material. 
  
The three ply specimens in the edgewise position have a different failure mode to 
that observed in the single and double specimens. Again a linear relationship is 
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observed in the specimens to a load of approximately 3600N (D). At this load a 
slight decrease in stiffness is observed due to the initiation of tension cracking in the 
core material. A further decrease in stiffness is observed at a load of 4500N (E) due 
to the maximum compressive strength of the core being reached. Compressive 
failure of the two outer skins begins to occur at a load of 9200N (F) as indicated by 
the small drops in the applied load. The specimens undergo a ductile type failure 
with the compressive failure of the outer skins until a load of approximately 11,300-
11,650N (G). At this load the inner skins suddenly buckle outwards shattering the 
two outer cores and causing the whole beam to buckle and ultimately fail. 
 
4.4.2 Load-Strain Relationship 
 
 
Figure 4.8 - Load-Strain Three Ply Laminates 
The results in Figure 4.8 show that the tension strain for the flatwise and edgewise 
specimens increase linearly until the initiation of tension cracking in the core. This 
occurs at loads between 3800-4600N (A) and causes the strain gauges to break. The 
compressive strain for the flatwise and edgewise specimens increase linearly until a 
load of approximately 5000N (B) at which a slight decrease in stiffness is observed. 
This can be attributed to the initiation of tension cracking in the core material. From 
this load until failure variations in the strain are observed due to the maximum 
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compressive strength of the core being reached and the propagation of tension cracks 
in the core material. Ultimate failure of the strain gauges occurs under loading 
between 9100-9700N (C). This coincides with the ultimate failure of the flatwise 
specimens and the initial failure of the edgewise specimens.  
 
4.4.3 Failure Modes 
 
 
Figure 4.9 - Failure Modes Three Ply Laminates 
 
From the results it has been determined that the flatwise specimens fail in a brittle 
manner similar to that of the double sandwich specimens. Ultimate failure occurs 
due to the tensile failure of the core followed by debonding between the skin and 
core materials in the bottom most sandwich, at a load of approximately 9600N. The 
behaviour of the edgewise specimens is initially similar to that of the double 
sandwich specimens but the ultimate failure mode. The edgewise specimens initially 
fail due to the compressive failure of the outer skins at a load of 9200N. As more 
load is applied the outer skins gradually fail but the inner skins do not. Instead at a 
load of approximately 11,000N the inner skins suddenly buckle outwards shattering 
the two outer cores. This causes the specimen to buckle and the ultimate failure of 
the beam.   
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4.5 Four Ply Laminates  
4.5.1 Load Deflection 
 
 
Figure 4.10 - Load-Deflection Four Ply Laminates 
 
Figure 4.10 shows the load deflection behaviour for the flatwise and edgewise 
orientations. The behaviour of the orientations are more similar to each other than 
those observed in the three ply specimens. The load deflection behaviour of the two 
flatwise specimens is initially the same. A difference in failure modes results in a 
different load deflection behaviour between the specimens, even though the ultimate 
failure loads are similar. Both flatwise specimens behave linearly until a load of 
13,000N (A) where a slight decrease in stiffness is observed. This is due to the 
initiation of cracking in the core material of the bottom most sandwich. Specimen 
4LSW-F-1 fails at a load of 14,200N (B) due to shear failure of core and debonding 
of skin and core in the bottom most ply. Debonding of the topmost compressive skin 
and core also occurs at the same time. Ultimate failure of specimen 4LSW-F-1 
occurs at a load of 21,050N (D) due to the tensile failure of the core and debonding 
of the skin and core material of the second bottom most sandwich. Specimen 4LSW-
F-2 continues to take load from point A, with another slight decrease in stiffness at 
15,000N. This can be attributed to the initiation of tension cracks in the second 
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bottom core and the propagation of tension cracks in the bottom core. Debonding of 
the topmost compression skin and core also contribute to the decrease in stiffness. 
Failure of the specimen occurs at an applied load of 21,820N (C) due to the 
simultaneous tensile failure of the cores and debonding of the skins and cores bottom 
two laminates. 
 
The edgewise specimens have a linear load displacement relationship up until an 
applied load of 11,000N (E). At this point a slight decrease in stiffness is observed 
due to the initiation of tension cracking in the core material. As indicated by the 
small load drops, initial compressive failure of the outer skins occurs at loads of 
23,200-24,900N (F). Ultimate failure of the beam occurs soon after due to inner core 
buckling at applied loads of 26,370-26,770N (G). The buckling of the inner cores is 
slightly different to that observed in the three ply specimens. All the skins buckle in 
the same direction in the four ply specimens unlike in the three ply samples where 
the inner skins buckle in the direction of the closest outer face. 
 
4.5.2 Load-Strain Relationship 
 
 
Figure 4.11 - Load-Strain Four Ply Laminates 
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The results in Figure 4.11 show that the tension strain for both the edgewise and 
flatwise specimens increase linearly until the initiation of tension cracking in the 
core at a load of approximately 8900N (A). This causes a decrease in strain and the 
strain gauge for specimen 4LSW-E-1 to break. The remaining strain gauges break 
soon after at loads between 9200-12,000N due to the propagation of these tension 
cracks. The compression strains for both the edgewise and flatwise specimens 
increase linearly until an applied load of approximately 13,000N (B) where a slight 
drop in the strains is observed. This corresponds to the maximum compressive 
strength and elastic strain of the core being reached. The failure of specimen’s 
4LSW-F-1 strain gauge coincides with the tensile failure of its bottom most core. 
The remaining flatwise strain gauge fails at an applied load of 18,800N due to the 
initiation of tensile failure in the bottom core in the specimen. The compressive 
edgewise strain gauges fail at loads between 20,600-23,100N (C) due to the initiation 
of outer compressive skin failure. 
    
4.5.3 Failure Modes 
 
 
 
Figure 4.12 - Failure Modes Four Ply Laminates 
(a) (b) 
(c) (d) 
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Both flatwise specimens behave linearly until a load of 13,000N where a slight 
decrease in stiffness is observed. From this load the two specimens experience 
different failure modes until a similar point of ultimate failure, at an applied load of 
21,000N. Specimen 4LSW-F-1 has a staggered failure of the two bottom sandwiches 
with the bottom most failing first, then the second bottom most. This is in contrast to 
specimen 4LSW-F-2 where the two bottom sandwiches fail simultaneously at a 
maximum applied load of approximately 22,000N. This failure mode therefore 
provides an increase in the maximum load of 1000N over that observed in specimen 
4LSW-F-1. The edgewise specimens initially fail similar to the three ply specimens 
with compressive failure of the outer skins at applied loads between 23,200-
24,900N. The buckling of the inner cores is slightly different to that observed in the 
three ply specimens. All the skins buckle in the same direction unlike in the three ply 
samples where they buckle in the direction of the closest outer face. 
 
 
4.6 Verification of Analytical Equations 
 
The equations presented by Manalo (2009) were used to predict the maximum load 
and the governing failure mode of the single composites sandwich specimens tested. 
The full results of the calculations are presented in Appendix D.  
 
4.6.1 Flatwise Predictions 
 
The order of the failure modes observed in the single flatwise specimens are: 
1. The initiation of tension cracking in the core material (1800N). 
2. The maximum compressive strength of the core being reached (3400N). 
3. Compressive failure of the skin (4250-4800N). 
 
The equations presented by Manalo (2009) can only predict failures 1 and 3. The 
prediction of the tension cracking of the core material (1790-1815N) by the 
equations is in direct correlation with the observed results. The equations accurately 
predict the compression failure of the skin with an average error of 6%. The initial 
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modes of the specimen failure are accurately predicted by the equations. The core 
shear failure in tension/compression and the compressive cracking of the core are all 
overestimated. This is because they are non critical failure modes of the flatwise 
sandwich composite. The equations presented by Manalo (2009) are considered 
verified in predicting the flatwise failure mode and load by the experimental 
observations. 
 
4.6.2 Edgewise Predictions  
 
The order of the failure modes observed in the single edgewise specimens are: 
1. The initiation of tension cracking of the core (2350N) 
2. The maximum compressive strength of the core being reached (4000N). 
3. Compressive failure of the skin (5450-5600N). 
 
The equations presented by Manalo (2009) can only predict failures 1 and 3. The 
equations predict a lower applied load for tensile cracking in the core material than is 
actually observed. The observed load is higher because of the effect of the vertical 
skins in preventing the propagation of the tension cracks. The model accurately 
predicts the compressive failure of the skin within an error of 6%. The non critical 
failure modes (core shear and compressive cracking of the core) are not predicted, as 
expected by the equations. The equations cannot predict failure mode 2 due to the 
non linear behaviour of the core material. The equations presented by Manalo (2009) 
provide a very good correlation to the experimental data. This is considered to verify 
the equations for use to predict the failure load and mode of the sandwich specimens.  
  
 
4.7 Comparison of Orientation and Laminations  
4.7.1 Equivalent Modulus of Elasticity 
 
The equivalent modulus of elasticity can be used to compare the initial stiffness of 
each specimen. To determine the equivalent MOE a homogenous cross section is 
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assumed for the sandwich beams. By rearranging the simple beam deflection 
equation;  
E  59PL
*
Δ3000I 
Where: 
 P = Applied Load (N) 
 L = Span Length (mm) 
 I = 34

  
 ∆ = Deflection (mm) 
 
By substituting the experimental data from the initial linear section of the flexural 
tests the initial bending stiffness of each specimen can be calculated. Averaging 
these values for each set of specimens gives a standard equivalent MOE for each 
specimen type (Table 4.1). The equivalent MOE for each specimen is presented in 
Appendix E. 
 
 Flatwise Edgewise 
Number of 
Laminates 
Average 
Equivalent MOE 
(MPa) 
Average 
Equivalent MOE 
(MPa) 
1 7530 3729 
2 3499 2649 
3 4277 3985 
4 3967 3587 
Table 4.1 - Average Modulus of Elasticity 
As shown in Figure 4.13 the equivalent MOE decreases for the flatwise samples as 
the number of laminates increase. For three to four laminates there is a decrease of 
approximately 10% in the equivalent MOE. An exception to this trend is the two ply 
specimens that exhibit an exceptionally low MOE. In the calculation of the 
equivalent MOE, the effect due to shear deformation was neglected in order to solve 
for MOE. This assumption could account for the difference in MOE as the two ply 
specimens may present a high shear deformation as they have a lower span to depth 
ratio compared to the other specimens.  
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Figure 4.13 - Flatwise Equivalent MOE 
 
The decrease in the observed MOE in the specimens can be explained by the change 
in cross section between the samples. In the single sandwich specimens all the skin 
material that provides stiffness is located as far away from the neutral axis as 
possible, where it will provide the greatest bending stiffness for the composite. So as 
a ratio of the composites cross section 100% of the skin material is providing the 
maximum amount of stiffness possible. Assuming that the neutral axis runs through 
the centre of the cross section, this ratio reduces to 50% of the skin material for the 
two lamination sample and is seen as reduction in the equivalent MOE. This effect 
can also be seen between the number of laminations, depending on if they are odd 
and even. In the odd laminations the neutral axis runs through the centre of the 
middle core, thus allowing all skin material to contribute to the MOE of the 
specimens. In the even specimens the neutral axis runs through the middle skin 
lamination. This therefore allows these skins to contribute very little to the 
equivalent MOE of the specimens. This odd, even effect can be seen between the 
difference between the three and four ply specimens. The three ply specimens 
exhibit a higher MOE because the neural axis runs through the middle core material. 
This is in contrast to the four ply specimens where a lower MOE is observed due to 
the neutral axis running close to the middle skins. This odd, even effect will reduce 
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with the number of laminations as the percentage of overall skin not contributing in 
the even samples is reduced. This leads to the conclusion that for higher laminations 
the equivalent MOE will be constant for flatwise specimens. 
 
 
Figure 4.14 - Edgewise Equivalent MOE  
 
The equivalent MOE for the edgewise specimens is shown in Figure 4.14. With the 
exception of two laminates the edgewise specimens exhibit a fairly uniform MOE. 
As explained previously the reduction in MOE for the two ply laminates can be 
attributed to the shear deformation being neglected in the calculation of the 
equivalent MOE. The MOE in the edgewise specimens behave unlike the flatwise 
specimens because of the vertical skins. The vertical skins provide a uniform ratio of 
skin area to neutral axis depth. The addition of further laminates does not affect this 
ratio as they possess the same ratio of skin area to neutral axis depth. The equivalent 
MOE does not change in the edgewise specimens because the ratio of skin area that 
provides the majority of bending stiffness to neutral axis depth does not change. 
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Figure 4.15 - Flatwise Vs Edgewise MOE 
 
As observed in Figure 4.15, with the more laminations in the flatwise and edgewise 
specimens the more the equivalent MOE begins to converge. For all specimens 
tested, the stiffness for flatwise specimens was higher than that observed in the 
edgewise specimens. The trend shows that for more laminates the stiffness between 
flatwise and edgewise orientations will eventually be comparable. This suggests that 
the stiffness for flatwise and edgewise beams with a higher number of laminations 
will eventually reach equivalent MOE similar to both beams. From the observed 
results of all specimens tested, the only advantage of the flatwise orientation over 
edgewise orientation was the increased stiffness it offered. From these results it can 
be surmised that for higher laminations that this advantage is no longer true for the 
flatwise orientation compared to the edgewise orientation. Therefore it can be 
concluded that the edgewise orientation for higher laminations provide an all round 
advantage for use as structural members over the flatwise orientation.         
 
4.7.2 Flexural Strength 
 
Under four point bending with the loads applied at 0.4 and 0.6 of the span length the 
flexural strength of the specimens can be determined by; 
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σ  12PL10bd 
Where: 
 P = Applied Load (N) 
 L = Span Length (mm) 
 b = Width of specimen (mm) 
  d = depth of specimen (mm) 
Make a consistent designation; you have used b for the width of sandwich specimen 
in 2.3 
The average flexural strength of each laminate set are shown in Table 4.2. The full 
calculations of flexural strength are presented in Appendix E. The flexural strength 
can be defined as a materials ability to resist deformation under loading.  
 
 Flatwise Edgewise 
Number of 
Laminates 
Average Flexural 
Strength (MPa) 
Average Flexural 
Strength (MPa) 
1 113.0 54.4 
2 54.4 67.7 
3 58.7 74.5 
4 58.1 73.0 
Table 4.2 - Average Flexural Strength 
 
The maximum flexural strength compared to the number of laminations for the 
flatwise specimens is presented in Figure 4.16. The strength initially decreases from 
the one ply specimens but remains relatively constant for the remaining specimens.  
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Figure 4.16 - Flatwise Flexural Strength 
 
As discussed previously in this chapter the failure mode for all flatwise specimens is 
the compressive failure of the skin followed tensile failure of the core. Therefore the 
factor governing the maximum flexural strength is the same throughout all the 
specimens. This can explain the comparatively similar flexural strengths for the two 
to four laminate specimens. The single specimens have a higher flexural strength 
because of the significantly higher stiffness gained by a high proportion of skin area 
to neutral depth.  
 
In contrast to the flatwise specimens the edgewise specimens present an increase in 
maximum flexural strength with the number of laminations, as seen in Figure 4.17. 
This increase in maximum flexural strength compared to the flatwise samples is due 
to a change in the failure mode of the edgewise specimens. All edgewise specimens 
initially fail due to the compressive failure of the outer skins but for higher 
laminations the inner skins cause the specimens to fail due to buckling. This change 
in failure mode can explain the increase in flexural strength observed in the 
experimental specimens. 
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Figure 4.17 - Edgewise Flexural Strength 
 
4.7.3 Comparison to Glulam Beams 
 
The behaviour of the laminated sandwich composite specimens presents several 
similarities to those observes in the USDA study of glulam beams in the edgewise 
and flatwise positions. The failure modes observed in the glulam flatwise and 
edgewise orientations are similar to those observed in the sandwich composite 
specimens. The USDA equivalent edgewise specimens initially fail due to the failure 
of the two outer laminates on each side of the specimen. This is as expected due to 
the higher stresses in these elements. This is also similar to the failure for the three 
and four sandwich composite specimens that initially fail due to failure of the outer 
sandwiches. The USDA equivalent flatwise specimens fail due to the tension failure 
of the outer two laminates. This is similar to the flatwise sandwich composite that 
undergo tensile failure of the bottom most sandwiches.   
 
The USDA equivalent flatwise beams exhibit a decrease in MOE with an increase in 
laminations.  The glulam beams are made up of two high grade laminates on each 
side with lower grade timber used for the middle laminates. There is no change 
between the number of high grade laminates used between the 8 and 13 laminate 
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specimens. This means a decrease in the ratio of the higher stiffness material to the 
lower stiffness material in the glulam beams. This can be compared to the ratio of 
skin material to the neutral axis depth in sandwich composite specimens. In both the 
USDA and sandwich composite specimens the percentage of the overall area 
contributing the maximum to sectional stiffness is reduced with the number of 
laminations.   
 
 
4.8 Summary 
 
The flexural behaviour of the flatwise and edgewise specimens have been examined 
through experimental analysis. It has been determined that all flatwise specimens fail 
in a brittle mode. The primary cause of ultimate failure in all flatwise specimen’s is 
the compressive failure of the skin closely followed by the tensile failure of the core 
and debonding between the skin and core material. The edgewise specimens all 
failed in a ductile manner with an increase in ultimate strength compared to flatwise 
specimens. The vertical skin in the edgewise position enabled this increase in 
strength by preventing the tension cracks in the core material from propagating. The 
failure mode of the edgewise specimens changes depending on the number of 
laminations. Ultimate failure of the single and double sandwiches was predominately 
caused by the compressive failure of the skin. The failure mode for the three and four 
ply specimens was initially caused by the compressive failure of the outer skins but 
was ultimately caused by the buckling of the inner skins.  
 
The general effect of orientation and laminations on structural sandwiches can be 
comparable to glulam timber in the flatwise and edgewise orientations. Both flatwise 
sandwich composites and glulam specimens presented a decrease in stiffness with 
increase in laminations. The failure modes in each orientation are also comparable 
between the sandwich composites and glulam specimens. Failure of the bottom 
tension laminations in the flatwise orientation and the outer laminate material in the 
edgewise position is common with both materials.   
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In all the specimens tested the advantages of the edgewise orientations was an 
increased ultimate strength and a ductile failure mode. The only advantage offered 
by flatwise orientation was an increase in stiffness compared to edgewise orientation. 
With an increase in laminations the MOE of the flatwise samples decreased while 
the MOE of the edgewise specimens remained relatively constant. It is surmised that 
this behaviour will lead to a convergence of the stiffness’s of the flatwise and 
edgewise orientations at a higher number of laminations. This means that for higher 
laminations the edgewise orientation represents the better choice for structural 
performance. Edgewise orientation provided a higher ultimate strength, a ductile 
failure mode and comparable stiffness to flatwise orientation at higher laminations.      
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5. Chapter 5: Analytical Modelling 
 
5.1 Introduction 
 
A simple fibre model was developed to calculate the flexural behaviour of the 
specimens. The results and method of this fibre model analysis will be presented in 
this chapter. Correlation of load deflection behaviour between the experimental 
results and the FMA analysis will be compared and discussed. The assumptions 
made in the analysis will be presented. The FMA shows varying degrees of accuracy 
compared to the experimental results, between the specimen types.  
 
 
5.2 Fibre Model Analysis 
 
The fibre model analysis is a one dimensional, layer by layer approach to model 
beam behaviour. It is based on the principles of equilibrium of forces, strain 
compatibility, and constituent material stress-strain properties to predict the overall 
flexural behaviour of the sandwich composite beams (El-Hacha, et al, 2005). For 
analysis the critical section at the midspan of the beam is considered Figure 5.1. 
 
 
Figure 5.1 - FMA Section  
Critical Section 
Source: www.luxinzheng.net 
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The section is represented as a perfect rectangle divided into n number of horizontal 
strips of equal thickness. For the flatwise specimens these strips are of uniform 
properties either skin or core (Figure 5.2a). Because of the vertical skins in the 
edgewise specimens the horizontal strips consist of both sections skin and core 
properties (Figure 5.3a). The centroid is located in the centre for each horizontal strip 
and it distance to the topmost fibre. It the calculations it is assumed that a perfect 
bond exists between the skin and core material. 
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A linear strain relationship is assumed throughout the depth of the beams section 
(Figure 5.2b & Figure 5.3b) with similar triangles are used to calculate neutral axis 
depth. The stresses in each strip are determined from the stress-strain relationship for 
the constituent materials determined in the coupon testing (Figure 5.2c & Figure 
5.3c). These stresses are based on the centroid of the element and are assumed to be 
uniform throughout. If the strain in an element exceeds the maximum strain of the 
corresponding constituent material the element is assumed to have failed and no 
longer contributing to the structural performance of the overall section. To obtain the 
flexural behaviour of the sandwich composite beams the following procedure is 
used: 
1. Assume strain values in the most extreme compressive and tensile fibres. 
2. Calculate the compressive and tensile strains for each element and the neutral 
axis depth. If the strain exceeds that of the corresponding constituent material 
strain, the contribution of material in the element is ignored. For flatwise 
orientation this is the whole horizontal strip as each strip only contain one 
material property (skin or core). For edgewise orientation this may only be a 
part of the horizontal strip as each strip contains both skin and core materials 
that fail at different strains. 
3. Calculate the compressive and tensile stresses for each element depending on 
material properties. 
4. Calculate the compressive and tensile forces for each element.  
5. Check that the system is in equilibrium. The summation of the compressive 
and tensile forces for all elements should be zero. If not go to step one and 
assume different values for compression and/or tensile strain. 
6.  For each element calculate the moment using its eccentricity from the top of 
the beam. Also calculate the second moment of inertia and initial shear 
stiffness for each element. 
7. Using the resultant second moment of inertia and moment for all elements 
calculate the equivalent applied load. For four point bending with the loads 
applied at 0.4 and 0.6 of the span length the following equation can be used: 
P  5ML  
Where: 
   P = Applied load 
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M = Total moment 
 L = Span length 
 
8. The same simple bending equation presented in section 4.6 can now be used 
to calculate the deflection of the beam. The effect of shear stiffness on 
deflection can also be included.    
Δ  59PL
*
3000EI  
PL
5AG 
Where: 
 ∆ = Deflection (mm) 
P = Applied Load (N) 
 L = Span Length (mm) 
  I = Second moment of Inertia for the whole section (mm4) 
 E = Modulus of Elasticity the whole section (MPa) 
         AG = Shear stiffness   
 
9. Model the deflection critical strain points determined in the coupon testing. 
These are points that dictate the behaviour of the constituent materials: 
 
Critical Point Strain 
Core tensile failure 0.006 
Maximum compressive strength core 0.008 
Skin compressive failure 0.0123 
Skin tensile failure 0.016 
Ultimate core compressive failure 0.019 
Table 5.1 - Critical Strain Points 
 
5.3 Assumptions 
 
Several assumptions further to those already stated on the modelling will be 
presented in this subsection. The assumptions stated here relate to the behaviour of 
the specimens during failure. Due to the different nature of the behaviour of the 
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specimens in the edgewise and flatwise orientations two different sets of 
assumptions have been made. 
 
5.3.1 Flatwise Assumptions 
 
The assumptions for the flatwise specimens are based on the experimental 
observations. It is assumed that all skin and core material have a constant thickness. 
Based on this assumption for multiple laminates, the area of the epoxy resin is equal 
to the difference in specimen area compared to the assumed area taken by the skin 
and core. If several laminations are present this area of epoxy is split evenly between 
the laminations. The epoxy resin used to glue the specimens is assumed to have no 
contribution to any mechanical properties to the specimen. Once tension cracking is 
initiated in the core material, the contribution due to the core material in tension is 
neglected. 
 
5.3.2 Edgewise 
 
Like the flatwise specimens the edgewise assumptions are based on experimental 
observations. It is assumed that the skins and cores have a uniform thickness. The 
thickness of the epoxy resin is determined in the same manner as in the flatwise 
orientation. The epoxy resin has no structural contribution to the beam specimens. 
As observed in the experimental investigation the outer skins behave differently to 
the inner skins. The assumption made is that the outer skins initial fail in 
compression when the strain exceeds 0.0123 but the inner skins do not fail at this 
strain. The inner skins fail in compression with the ultimate compressive failure of 
the core at a strain of 0.019. This is in direct correlation with the observed behaviour 
of the specimens. The outer skins fail at a strain of 0.016 but the inner skins do not. 
The inner skins continue to take load until the ultimate failure of the specimen. The 
vertical skins in the edgewise specimens prevent the tension cracks in the core from 
propagating. Therefore only the proportion of the tension core with failed elements is 
discounted not the whole tension area like in the flatwise specimens.  
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5.4 Single Sandwich 
5.4.1 Flatwise 
 
As shown in Figure 5.4 the FMA for the single flatwise sandwich has a good 
correlation with the experimental data. The first point at a load of 1800N and a strain 
of 0.006 represents the initiation of tension failure of the core material.  
 
 
Figure 5.4 - FMA Single Flatwise 
   
The second point at a load of 2820N and strain of 0.008 correspond to maximum 
compressive strength of the core material. The third and fourth points correspond 
with the initial compressive failure of the skin and the ultimate failure of the 
specimen. Ultimate failure in the model occurs at a load of 4430N and midspan 
deflection of 23.7mm. This result has a very good correlation to the observed failure 
range of 4250-4800N and 24-29mm midspan deflection. Therefore the FMA analysis 
for single flatwise sandwich can be considered verified by the experimental results. 
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5.4.2 Edgewise 
 
The FMA result for the single edgewise specimens is shown in Figure 5.5. The 
edgewise specimens also provide a good approximation for the linear section of the 
load deflection behaviour observed in the specimens. 
 
 
Figure 5.5 - FMA Single Edgewise 
 
The initiation of tensile cracking of the core is represented at point one with a load of 
2330N and midspan deflection of 3.7mm. Point two is the maximum compressive 
strength of the core at a load of 3450N. There is a small decrease in calculated 
stiffness compared to the observed stiffness at this point. There is no indication in 
the experimental results, that for single edgewise specimens the maximum 
compressive strength of the core has an effect on stiffness. This point is still included 
in the model for consistency because later specimens the show a change in load 
deflection behaviour, due to the maximum compressive strength of the core being 
reached. Points three and four represent the compressive and tensile failure of the 
skin respectively. This occurs at loads of 4930-5060N. A drop in applied load is 
observed between the compressive and tensile failures because of the significant 
reduction in stiffness due to the compressive skin failure. This coincides with the 
initiation of compressive failure of the skin in the experimental data. The last two 
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points show the progressive failure of the section. The FMA provides a good 
approximation of the linear section of the experimental data and failure load. The 
fibre model for the single edgewise specimens is considered verified by the 
experimental results. The model is unable to predict the ductile type failure after the 
failure of the skins. 
 
 
5.5 Double Sandwich 
 
For all laminated specimens in the edgewise orientation only the ultimate strength 
and the prediction of the initial stiffness will be discussed. Initial stiffness is defined 
as the behaviour of the specimens up until the point where the maximum 
compressive strength of the core is reached. This is due to the need for further 
improvement in the model to accurately predict the behaviour of the specimens 
between the maximum compressive strength of the core, and the compressive and 
tensile failure of the skin. In the two to four laminated specimens the stiffness in this 
region for the edgewise samples increases in the model when the experimental 
results decrease. There is no reason why the stiffness in this region should increase 
and extensive investigations into the model have found no significant factors 
affecting these results. A review of all assumptions made about specimen behaviour 
has determined that the assumptions are accurate and the model accurately predicts 
the failure loads and deflections of the specimens. The misrepresentation of the 
member stiffness could be due to the interaction between the constituent materials 
that is not considered in the FMA analysis. This may include effects such as the 
initiation of delimitation between the skin and core or skin and epoxy materials. 
 
5.5.1 Flatwise 
 
Figure 5.6 shows the fibre model analysis for the double flatwise sandwich. The 
double sandwich does not have as good a correlation to the experimental data as the 
single sandwich. This could be due to several factors such as the effect of the epoxy 
resin or the effect of laminations. The FMA analysis still provides a fairly good 
approximation of the observed experimental data.  
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Figure 5.6 - FMA Double Flatwise 
 
The initial tension failure of the core occurs at point one at a load of 4835N. The 
maximum compressive strength of the core is shown at a load of 7380N (Point 2). 
Points one and two have a slight increase in stiffness but still provide a fairly good 
approximation of the experimental results. Tensile failure of the skin occurs at a load 
of 8940N and represents the ultimate failure of the specimen. This failure load has a 
very good correlation to the failure load of 9100-9500N for the experimental results.  
 
5.5.2 Edgewise 
 
The initial stiffness of the two ply edgewise specimens has a good correlation to the 
FMA prediction (Figure 5.7). The predicted tensile failure and maximum 
compressive strength of the core (Points 1&2) at loads of 4530and 6690N almost 
perfectly mirror the experimental results.  
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Figure 5.7 - FMA Double Edgewise 
 
The compressive and tensile failure of the outer skin occur a loads of 9820 and 
9850N respectively (Point 3). This is in good correlation with the initiation of 
compressive failure of the outer skin observed at loads between 10,600-11,100N in 
the experimental data. This signifies an under representation of 750N or 
approximately 9% of the failure load. From this point the applied load in the FMA 
prediction initially decrease due to the compressive failure of the outer skin. The non 
failure of the inner skins causes an increase in load from this initial failure until a 
strain of 0.019. This corresponds with the second observed load peak in the FMA 
prediction (Point 5) where upon compressive failure of the core is observed. This 
also coincides in the compressive failure of the inner skins and ultimately the FMA 
predicts failure of the specimens. The two ply prediction model provides a very good 
correlation to the experimental data. This is considered to verify the initial stiffness 
and the failure load predictions of the model. 
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5.6 Three Ply Laminates 
5.6.1 Flatwise 
 
As shown in Figure 5.8 the FMA provides a good approximation of the load 
deflection behaviour for the three ply flatwise specimens. Point one, at a load of 
4005N represents the initiation of tensile cracks in the bottom most core. This is in 
direct correlation with the experimental results. 
 
 
Figure 5.8 - FMA Three Ply Flatwise 
 
At point two the FMA accurately predicts the effect of the maximum compressive 
strength of the core being reached at a load of 5990N. This load is in exact alignment 
with specimen 3LSW-F-1 and a little over misjudged for specimen 3LSW-F-2. The 
compressive and tensile failure of the skin occurs very close to one another at loads 
of 8850N and 8900N (Points 3&4). A slight underestimation in the final load-
deflection behaviour is observed at the predicted failure. A decrease in load of 400N 
is observed from the ultimate strength of 9300-9700N, but only represents an error of 
4%. The FMA prediction is considered verified in the prediction of initial stiffness 
and failure load. This is as a result of the excellent correlation of load deflection 
behaviour and accurate prediction of failure load. 
0
2000
4000
6000
8000
10000
12000
0 20 40 60 80 100
Lo
a
d
 (
N
)
Deflection (mm)
FMA - Three Flatwise
3LSW - F-1
3LSW - F-2
FMA 3 Flatwise
63 
 
 
5.6.2 Edgewise 
 
The initial stiffness of the three ply edgewise specimens has a good correlation to the 
FMA prediction (Figure 5.9).  The predicted tensile failure and maximum 
compressive strength of the core (Points 1&2) at loads of 3455 and 5080N almost 
perfectly mirror the experimental results.  
 
 
Figure 5.9 - FMA Three Ply Edgewise 
 
The compressive and tensile failures of the outer skin occur at very similar loads of 
7470 and 7550N respectively (Point 3). This is not a good correlation to the 
experimental data as the expected failure load for the outer skin is 9200N. As in the 
double sandwich specimens there is an initial decrease in predicted stiffness after the 
failure of the outer skins. This decrease in stiffness is significantly less that that 
observed in the two ply specimens. This is a result of the percentage of overall skin 
initially failing being reduced from 50% in the two ply specimens to 33% for the 
three ply specimens. Ultimate failure of the prediction model occurs with the 
compressive failure of the core and inner skins at a load of 8640N. This failure has a 
very good correlation with the initial failure of the experimental specimens at a load 
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of 9200N. The predicted ultimate load is 560N or 6% less that the failure load in the 
experimental specimens. The three ply prediction model provides a very good 
correlation to the experimental data. This is considered to verify the initial stiffness 
and the failure load predictions of the model.  
 
 
5.7 Four Ply Laminates 
5.7.1 Flatwise 
 
Figure 5.10 shows the fibre model analysis for the four ply flatwise sandwich. As 
with all previous flatwise models the four ply prediction provides a very good 
approximation of the initial behaviour of the specimens. The initial tensile failure 
and the maximum compressive strength of the core (Points 1&2) provide an almost 
exact match for the experimental data.    
 
 
Figure 5.10 - FMA Four Ply Flatwise 
Unlike previous specimens the four ply experimental specimens exhibit two different 
failure modes. The difference in failure modes is impossible to predict with this 
model. The predicted failure load of the compressive and tensile skins (19,580 & 
19,670N) is considered to give a good average between the two observed failure 
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modes. The two observed failure loads are 14,200N for 4LSW-F-1 and 21,820N for 
4LSW-F-2. The average failure load for the experimental data is 18,010N. The FMA 
predicted failure load over estimates this load by 1660N or 8%. The FMA prediction 
for the four ply flatwise specimens is considered verified by the experimental data. 
The initial load deflection behaviour predicted matches the experimental results data. 
Although the model cannot predict exact failure modes and loads the average failure 
load is predicted by the model.  
 
5.7.2 Edgewise 
 
The FMA prediction for four ply edgewise specimens presents a good correlation to 
the experimental data (Figure 5.11).Tensile and compression failure of the outer skin 
are predicted to occur at loads of 18,220 and 18,380N (Points 3&4).  
 
 
Figure 5.11 - FMA Four Ply Edgewise 
 
The failure of the outer skin does not accurately match the experimental data similar 
to that observed in the three ply specimens. The observed reduction in stiffness 
(Point 5) caused by the failure of the outer skins is minimal compared to the previous 
specimens. This is because of a reduction in the percentage of overall skin failing at 
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this stage. The ultimate failure of the FMA prediction at a load of 22,560N provides 
a good correlation to the initial failure of the experimental specimens. Initial failure 
occurs at loads between 23,200-24,900N due to compressive failure of the outer 
skins in the experimental specimens. The fibre model accurately predicts this failure 
with an error of 640N or 3%. The four ply prediction model provides a very good 
correlation to the experimental data. This is considered to verify the initial stiffness 
and the failure load predictions of the model. 
 
 
5.8 Summary 
 
The development of the fibre model for the sandwich beam specimen has been 
outlined and discussed in this chapter. The assumptions made vary between the 
orientation and the number of laminations. The assumptions are presented and 
evaluated against the experimental observations.  Improvements that could be made 
to the accuracy of the fibre models and the limitations of the model predictions are 
outlined and discussed.  
 
Overall for all flatwise and edgewise specimens the results of the simple FMA  
provide a good correlation to the experimental data. The single flatwise and 
edgewise models provide a very accurate prediction of the whole load deflection 
behaviour of the experimental specimens. For the multi-laminate edgewise 
specimens an error is observed in the prediction of the load-deflection behaviour. 
This error occurs at the prediction of initial compression and tensile failure of the 
outer skins. Therefore these models were only used to predict the initial stiffness and 
failure loads of the specimens. For the multi laminate specimen the ultimate failure 
of the prediction model proved to give a very accurate prediction of the initial failure 
of the experimental specimens. After the initial failure the edgewise models could 
not accurately predict the ductile failure behaviour of the experimental specimens. 
The prediction of the failure load for all models was within a tolerance of 10% 
compared to the experimental results. This is considered a very good result and 
verification of the assumptions made, and model accuracy. The initial stiffness also 
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shows an almost exact correlation to the experimental data. This is therefore 
considered to further verify the accuracy of the model predictions.   
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6. Chapter 6: Finite Element Modelling 
 
6.1 Introduction 
 
A Strand7 finite element model was developed to predict the flexural behaviour of 
the single sandwich beams in edgewise and flatwise positions under four point 
bending. The model specifications and calculations will be presented in this chapter. 
Correlation of the load-deflection behaviour of the experiments to the numerical 
solutions from Strand7 will be analysed and discussed. Overall the finite element 
models provide a good linear approximation of the experimental data.   
 
 
6.2 Finite Element Model 
 
Strand7 was used to develop a numerical model of the specimens. The ideal 
dimensions for the specimens (50mm x 20mm) not actual dimensions have been 
used to simplify the development of the model. The flatwise and edgewise 
experimental specimens have exactly the same dimensions just rotated 90o. 
Therefore it was only necessary to develop one Strand7 model and change the 
loading and restraint conditions. The edgewise and flatwise models are presented in 
Figure 6.1and Figure 6.2. 
 
 
 
 
 
 
 
 
 
 
 
Pinned 
Roller 
Figure 6.1 - Flatwise FEM 
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The specimens are the same as the experimental specimens, 450mm long with a span 
length of 400mm. The restrain conditions for both models consist of a pinned 
restraint at the left of the figure and a roller support at the right. The restraint 
conditions for each specimen are summarised in Table 6.1. 
 
Specimen Support Type Fixed Translation Fixed Rotation 
Flatwise Pinned Dx, Dy, Dz Ry, Rz 
 Roller Dx, Dy Ry, Rz 
Edgewise Pinned Dx, Dy, Dz Rx, Rz 
 Roller Dx, Dy Rx, Rz 
Table 6.1- Support Conditions 
The skin and core material of the composite have been modelled using 20 node brick 
elements. The core was modelled with a flexural strength of 1150MPa and a 
Poisson’s ratio of 0.3. The skin was modelled with a flexural strength of 14280MPa 
and poisons ratio of 0.25. The mechanical properties used in the modelling were 
obtained from the constituent material testing. Overall both models contained 88748 
nodes and 19800 bricks. The bricks have the dimensions of (0.9mm x 5mm x 5mm) 
for the skin and (0.911mm x 5mm x 5mm) for the core. Due to the number of 
elements required, square bricks were not used because of the amount of computing 
time necessary to obtain a solution. To replicate the point loads applied to each 
Pinned 
Roller 
Figure 6.2 - Edgewise FEM 
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specimen, the loads were distributed across a row of nodes corresponding to 0.4 and 
0.6 of the span length. The inner nodes have an applied load of: 
=> 
0.5P
n A 1 
 Where:  
Pin = Load applied to each inner node (N) 
  P = Load applied to the specimen (N) 
  n = Number of Nodes 
   
The two exterior nodes have a load of: 
B> 
Pin
2  
  Where:  
Pon = Load applied to the two exterior nodes (N) 
 
 
6.3 Numerical Results 
 
The load-deflection behaviour of the Strand7 model of both specimens is shown in 
Figure 6.3and Figure 6.4 with a magnification of 5%.  
 
 
Figure 6.3 - Flatwise FEM Deflection 
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Figure 6.4 - Edgewise FEM Deflection 
 
The numerical solutions from Strand7 for both orientations and each loading case are 
summarised in Table 6.2 and Table 6.3. The modelled loads are in increments of 
1000N and the approximate ultimate failure load for the specimens has been 
included. 
 
Flatwise Load (N) Deflection (mm) 
1000 1.797 
2000 3.5945 
3000 5.3918 
4000 7.1891 
4535 8.9863 
Table 6.2 - Summary of Flatwise FEM Deflection 
Edgewise Load (N) Deflection (mm) 
1000 1.797 
2000 3.5945 
3000 5.3918 
4000 7.1891 
5000 8.9863 
Table 6.3 - Summary of Edgewise FEM Deflection 
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6.4 Comparison of Results 
 
As shown if Figure 6.5 the FEM prediction provides a good approximation of the 
experimental results for the single flatwise sandwich. The FEM prediction is linear 
while the experimental results are slightly non-linear. The FEM prediction slightly 
underestimates the overall stiffness of the flatwise sandwich for almost all loads. At 
failure the load-deflection prediction of the FEM provides an almost exact match to 
that of the experimental data. Due to the linear nature of the solver used in Strand7 
the failure load cannot be predicted by this model. 
 
Figure 6.5 - Load Deflection Flatwise FEM 
 
Figure 6.6 shows the comparison of the FEM prediction of the single edgewise 
specimen to the experimental data. There is a good correlation between the FEM 
prediction and experimental data. The same inaccuracy with the difference the linear 
FEM prediction and non linear experimental data is observed in the edgewise 
specimens. The FEM prediction again slightly underestimates the overall stiffness of 
the flatwise sandwich for almost all loads. At failure the load-deflection prediction of 
the FEM provides an exact match to that of the experimental data. The failure load 
cannot be predicted for the edgewise specimens due to the linear nature of the solver 
used in Strand7. 
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Figure 6.6 - Load Deflection Edgewise FEM 
 
6.5 Summary 
 
Finite element models for the single sandwich beam specimens were developed in 
Strand7. The uniform cross-section between edgewise and flatwise specimens 
enabled the same brick model to be used for both with changes to loading and 
restraint conditions. The dimensions, brick and node details and the loading and 
restraint conditions for each orientation have been presented.    
 
The FEM analysis for both the flatwise and edgewise specimens provides a good 
approximation of the load deflection behaviour of the experimental specimens. The 
failure load of the specimens is unable to be predicted due to the linear nature of the 
solver used. For both orientations the FEM predicted a slightly lower stiffness than 
that observed in the experimental data. The FEM accurately predicted the stiffness of 
experimental results at the failure load. Therefore the behaviour of the FEM is 
considered verified by the experimental results. 
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7. Chapter 7: Conclusion 
 
7.1 Introduction 
 
This project has compared the effects of orientation and lamination on the flexural 
behaviour of sandwich composite beams. This has been achieved through 
experimental, numerical and analytical investigations. Unlike other sandwich 
composites the innovative plant based core material used in the CarbonLOC® 
enables it to be used in structural elements. The fabrication of the experimental 
specimens was undertaken manually at the University of Southern Queensland. The 
four point static flexural tests were conducted to determine the flexural behaviour of 
the specimens with increasing number of laminations and in different sandwich 
orientations. Strain gauges were also attached to the specimens to record the load 
stain behaviour. Verification of the analytical equations used by Manalo (2009), with 
the experimental results has been conducted. The development and limitations of the 
numerical models (FMA & FEM) used to simulate the behaviour under loading of 
the specimens has been outlined. The predictions from the numerical simulations has 
been presented and evaluated against the experimental observations. 
 
7.1.1 Failure Mode 
 
The flexural behaviour of the flatwise and edgewise specimens have been examined 
through experimental analysis in this project. It has been determined that all flatwise 
specimens fail in a brittle mode and the edgewise specimens in a ductile type mode. 
Both flatwise and edgewise orientations initially fail in the same manner: 
1. The initiation of tension cracking in the core material. 
2. The maximum compressive strength of the core being reached. 
3. Compressive failure of the skin. 
 
The difference in failure mode between orientations is primarily due to the vertical 
skins in the edgewise position preventing the propagation of tension cracks in the 
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core material. Ultimate failure in the flatwise orientation is the compressive failure 
of the skin, followed by tensile failure of the core and debonding between the skin 
and core material. The edgewise specimens fail in a ductile manner with the 
compressive failure of the outer skins. The vertical skins prevent a core shear failure 
and increase in ultimate strength of the edgewise specimens. Ultimate failure of the 
single and double sandwiches was predominately caused by the compressive failure 
of the skin. The failure mode for the three and four ply specimens was initially 
caused by the compressive failure of the outer skins but was ultimately caused by the 
buckling of the inner skins. The buckling of the inner cores is slightly different 
depending on the number of plies present in the specimens. For the three ply 
specimens the inner skins buckle in the direction of the closest outer face. A small 
change in buckling mode is observed in the four ply specimens as the inner skin all 
buckle in the same direction. 
 
7.1.2 Effect of orientation and laminations 
 
The orientation of the specimens had an effect on the failure mode observed. The 
flatwise specimens failed in a brittle manner while the edgewise specimens had a 
ductile type failure. The ductile type failure in the edgewise specimens was mainly 
due to the vertical skins preventing the propagation of tension cracks in the core 
material.    
 
The specimens tested in the edgewise orientation provided a ductile type failure and 
greater ultimate strength than that observed in the flatwise specimens. The only 
structural advantage presented by the flatwise specimens was a higher initial 
stiffness. Analysis of the results suggests that as the number of laminations increases 
the equivalent modulus of elasticity for the flatwise specimens decreases. This is in 
contrast to the edgewise specimens where the equivalent MOE remains constant. 
Therefore the conclusion is made that for a higher number of laminations the 
stiffness between the flatwise and edgewise specimens will converge. As a result it 
can be concluded the edgewise orientation is a better overall choice for use as 
laminated structural members at higher laminations.     
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7.1.3 Prediction of Failure Load and Mode 
  
The numerical modelling undertaken provides a very good approximation of the 
flexural behaviour of the experimental specimens. The fibre model analysis 
accurately predicted the initial stiffness and failure of all specimens in both 
orientations. The ductile type failure in the edgewise position was unable to be 
predicated by the FMA. Overall the fibre model predicted the initial failure load of 
the specimens within a margin of 10% and considered verified by the experimental 
data. Due to the linear solver used, the finite element model was unable to determine 
the failure loads of the sandwich composite specimens. The FEM provided a very 
good approximation of the load deflection behaviour of the sandwich composite 
under loading compared with the experimental results.  
 
 
7.2 Recommendations & Future Work 
 
The results of this project show a high potential for the innovative structural 
sandwich as laminated structural elements. The results indicate that the edgewise 
orientation provides a better choice for use as laminated beams at a higher number of 
laminations.  This is due to a higher ultimate strength, ductile failure mode and 
similar stiffness to the flatwise orientation.    
 
Further investigation into the behaviour of laminated beams in the flatwise and 
edgewise orientations should be conducted at a higher number of laminations. This 
could determine as hypothesised in this project, if the equivalent MOE between 
orientations converges and the number of laminations at which this occurs. Hybrid 
sections that take into account the higher stiffness in the single flatwise orientation 
and greater strength in the edgewise orientation could be developed. This may 
include the standard laminated edgewise sections used in this study with flatwise 
members as tension and compression flanges. This would greatly increase the shear 
capacity of the beam due to the vertical skins of the edgewise orientation and the 
flatwise orientation would provide greater stiffness to the section.  
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Appendix C 
Specimen  Width (mm) W Depth (mm) D Span 
Name 1 2 3 Ave 1 2 3 Ave (mm) 
4FSW-II-F-1 49.84 49.84 49.72 49.8 19.7 19.69 19.74 19.71 400 
4FSW-II-F-2 49.16 49.21 49.11 49.16 19.98 19.96 19.9 19.94667 400 
4FSW-II-F-3 49.46 49.48 49.59 49.51 19.61 19.54 19.58 19.57667 400 
4FSW-II-F-4 49.49 49.45 49.51 49.48333 19.62 19.54 19.59 19.58333 400 
4FSW-II-F-5 49.12 49.05 49.28 49.15 19.76 19.81 19.71 19.76 400 
4FSW-II-E-1 19.74 19.77 19.82 19.77667 49.26 49.33 49.31 49.3 400 
4FSW-II-E-2 19.73 19.64 19.66 19.67667 49.79 49.82 49.77 49.79333 400 
4FSW-II-E-3 19.95 19.85 19.81 19.87 49.46 49.88 49.81 49.71667 400 
4FSW-II-E-4 20.12 19.95 20.03 20.03333 49.5 49.4 49.46 49.45333 400 
4FSW-II-E-5 19.78 19.73 19.77 19.76 49.52 49.65 49.63 49.6 400 
2LSW-F-1 48.74 48.84 48.9 48.82667 41.29 41.31 41.16 41.25333 400 
2LSW-F-2 48.6 48.56 48.57 48.57667 41.62 41.56 41.54 41.57333 400 
2LSW-E-1 41.42 41.29 41.32 41.34333 48.5 48.6 48.46 48.52 400 
2LSW-E-2 41.58 41.62 41.4 41.53333 48.54 48.65 48.62 48.60333 400 
3LSW-F-1 61 61.01 61.12 61.04333 61.35 61.2 61.07 61.20667 1200 
3LSW-F-2 60.53 60.53 60.33 60.46333 62.1 62.27 62.09 62.15333 1200 
3LSW-E-1 62.69 62.58 62.62 62.63 59.15 59.11 59.32 59.19333 1200 
3LSW-E-2 61.8 61.93 61.7 61.81 60.21 60.11 60.06 60.12667 1200 
4LSW-F-1 80.06 79.91 79.74 79.90333 81.83 81.79 81.76 81.79333 1200 
4LSW-F-2 78.76 78.78 78.84 78.79333 81.73 81.91 81.89 81.84333 1200 
4LSW-E-1 81.66 81.7 81.67 81.67667 79.69 79.76 79.86 79.77 1200 
4LSW-E-2 81.6 81.8 81.73 81.71 80.11 80.42 80.81 80.44667 1200 
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Appendix E 
 
Specimen  Equivalent Avg Equi Max Load Avg Max 
Flexural 
Strength 
Avg 
Flexural 
Name E (Mpa) E (N) Load (Mpa) Strength 
4FSW-II-F-1 7760.78   4285.19   106.32   
4FSW-II-F-2 7710.17   4651.45   114.15   
4FSW-II-F-3 6395.20   4761.32   120.45   
4FSW-II-F-4 7877.85   3644.24   92.18   
4FSW-II-F-5 7905.56 7442.93 4443.90 4535.47 111.15 113.02 
4FSW-II-E-1 3426.80  5457.21   54.50   
4FSW-II-E-2 3799.05  6589.55   64.40   
4FSW-II-E-3 3740.82  5585.40   54.59   
4FSW-II-E-4 3839.39  5509.10   53.97   
4FSW-II-E-5 3836.84 3710.96 5536.56 5522.07 54.67 54.43 
2LSW-F-1 3720.94   9202.17   53.16   
2LSW-F-2 3276.60 3498.77 9742.40 9472.29 55.70 54.43 
2LSW-E-1 2610.48   13829.20   68.20   
2LSW-E-2 2687.22 2648.85 13719.33 13774.26 67.12 67.66 
3LSW-F-1 4105.50   9276.70   58.41   
3LSW-F-2 4447.57 4276.54 9579.90 9428.30 59.06 58.74 
3LSW-E-1 4028.51   11633.70   76.34   
3LSW-E-2 3941.10 3984.80 11275.30 11454.50 72.66 74.50 
4LSW-F-1 3941.28   21048.20   56.70   
4LSW-F-2 3992.53 3966.90 21820.10 21434.15 59.53 58.12 
4LSW-E-1 3630.44   26368.80   73.06   
4LSW-E-2 3543.39 3586.92 26768.60 26568.70 72.89 72.98 
 
 
